100 bp per min per DNA end were removed under these conditions. Exonuclease III digestion followed by nuclease S1 treatment was carried out in the following way. Sal I-linearized DNA (1.3 ,ug) was digested with 8 units of exonuclease III (Bethesda Research Laboratories) in 16 ,ul of 6.6 mM Tris-HCI, pH 7.4/6.6 mM MgCl2/6.6 mM 2-mercaptoethanol/50 mM NaCl. After a few minutes of incubation at 18°C, equal volumes of Abbreviations: kDa, kilodalton(s); pTP, 80-kDa terminal protein precursor; 140-kDa DNA polymerase, 140-kDa adenovirus DNA polymerase; bp, base pair(s). 6446 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S.C. §1734 solely to indicate this fact.
ABSTRACT Initiation of adenovirus DNA replication in vitro occurs on a linearized plasmid DNA containing 3,327 base pairs of the adenovirus terminal sequence. Various deletions have been constructed in the plasmid DNA and their template activities examined. Deletions from an internal restriction enzyme cleavage site that retain only 20 base pairs or more of the adenovirus terminal sequence support initiation and limited chain elongation, whereas deletions that leave 14 base pairs or less of the terminal sequence do not. On the other hand, all deletions extending from the very terminus of the adenovirus DNA destroy the template activity. The terminal 20 base pairs of adenovirus DNA contain a sequence A-T-A-A-T-A-T-A-C-C, which is perfectly conserved in the DNAs from different serotypes of human adenovirus. Base changes within the conserved sequence greatly reduce the template activity. These results suggest that the terminal 20 base pairs constitute a functional origin for the initiation of adenovirus DNA replication in vitro.
The adenovirus genome is a linear duplex DNA of 36,000 base pairs (bp), which has a 55-kilodalton (kDa) terminal protein covalently attached to the 5' end of each strand (1, 2) . The terminal protein is synthesized as an 80-kDa precursor protein (terminal protein precursor, pTP), which, by virtue of its role in priming DNA synthesis, is attached to the ends of nascent DNA strands (3) (4) (5) (6) (7) (8) . Initiation of DNA replication takes place at the end of the DNA molecule by formation of a covalent linkage between pTP and dCMP (pTP-dCMP complex), and the dCMP becomes the 5'-terminal nucleotide in the DNA (4, (9) (10) (11) . Elongation of DNA chains from this primer proceeds by a strand-displacement mechanism (12) . The development of a cell-free DNA replication system (13) and subsequent in vitro studies have uncovered many novel features of the replication mechanism. Both the terminal protein precursor and the adenovirus DNA binding protein have been purified in a functional form (14) (15) (16) (17) (18) . DNA replication is also dependent upon another virus-encoded protein of 140 kDa, which contains DNA polymerase activity (14) (15) (16) (17) 19) . The terminal protein precursor and the 140-kDa adenovirus DNA polymerase (140-kDa DNA polymerase) form a tight complex and together are involved in the formation of the pTP-dCMP complex in vitro. In addition to these viral proteins, nuclear factors from HeLa cells are required for replication. Recently, Nagata et al. (20) have isolated one such factor-a 47-kDa protein that is required for formation of the pTP-dCMP complex.
In contrast to the abundant information obtained about proteins, our knowledge about the substrate DNA is limited. To date, a functional analysis of the DNA sequences required for initiation of DNA replication has not been carried out in a systematic way. This situation is in sharp contrast to the study of simian virus 40 DNA replication. With this system, a functional origin has been defined by creating deletions and point mutations in the origin sequence and then by analyzing their ability to replicate in monkey cells (21) (22) (23) (24) (25) (26) .
Previous information about the origin of adenovirus DNA replication has come from DNA sequence determination. DNA sequences within the inverted terminal repetition of human and other adenoviruses have been determined (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . The template activity in vitro of DNA-protein complexes derived from different human adenovirus serotypes has also been compared (35) .
Previously we demonstrated that a plasmid DNA containing the terminal sequence of adenovirus type 5 DNA functions as a template for the initiation of adenovirus DNA replication when a partially purified enzyme fraction was used (9) . This provided a system for mutagenesis of the origin-containing DNA and for investigation of the effect of the mutations. In this paper we show that the terminal 20-bp sequence of adenovirus DNA is sufficient for template activity in vitro and also that base changes within this region affect initiation of DNA synthesis.
MATERIALS AND METHODS Materials. The growth of HeLa cells and adenovirus type 2 were carried out as described (8) . Aphidicolin was provided by A. H. Todd (Imperial Chemical Industries, Macclesfield, England) and 2',3'-dideoxy-GTP was purchased from P-L Biochemicals. [a-32P]dCTP (410 Ci/mmol; 1 Ci = 3.7 X 1010 Bq) and [y-32P]ATP (==3,000 Ci/mmol) were purchased from the Radiochemical Centre.
DNA Synthesis in Vitro. Partially purified enzyme fractions used in this study have been described (9) . Because the initiation activity was inactivated by repeated freezing and thawing, the fraction was divided into aliquots of 100 /.d, stored frozen at -700C, and used only once. Formation of pTP-dCMP complex and the elongation of the complex were carried out as described (9) . Enzyme Reactions. Nuclease BAL-31 digestion was carried out at 22°C with 1.5 ,ug of Pvu II-linearized pLAl DNA (9) and 2 units of nuclease BAL-31 (Bethesda Research Laboratories) in a 20-,ul reaction mixture containing 60 mM Tris-HCl (pH 8.0), 12 mM MgCl2, 12 mM CaC12, and 0.6 M NaCl. Approximately Proc. Natl. Acad. Sci. USA 80 (1983) 6447 2X concentrated SI buffer (Si buffer is 0.2 M NaC1/0.05 M sodium acetate, pH 4.5/1 mM ZnSO4/0.5% glycerol) and 40 units of nuclease Si (Sigma) were added and the DNA was incubated for 2 hr at 180C. Under these conditions, 5-30 bp per min per DNA end were digested. The DNA was treated with 1 unit of the Klenow fragment of DNA polymerase I (New England Nuclear) for 1 hr at 14'C to ensure that the end was blunt. A similar protocol was used to construct deletions beginning at the adenovirus terminus. Four micrograms of EcoRI-linearized DNA was digested with exonuclease III, followed by treatment with nuclease S1. In this case, the DNA was incubated with 50 units of reverse transcriptase (Life Sciences, St. Petersburg, FL) at 37C for 1 hr to repair the ends.
Oligonucleotide Synthesis. Oligonucleotides (20-mer) that correspond to both strands of the adenovirus terminal sequence, but with base changes at the 13th and 14th positions, were synthesized by the phosphite triester method by using a Biosearch (San Rafael, CA) SAM DNA synthesizer and were purified by electrophoresis in a 20% acrylamide/8 M urea gel.
RESULTS
Construction of Deletions. Plasmid pLAl DNA, which contains adenovirus terminal DNA sequences, supports the formation of the pTP-dCMP complex provided that the plasmid DNA is linearized in such a way that the adenovirus terminal sequence is located close to the end of the linear DNA. The resulting complex serves as a primer for DNA chain elongation (9) . To investigate the DNA sequences responsible for this template activity we have constructed deletions within the pLAl DNA (Fig. 1 ).
The plasmid contains 3,327 bp of adenovirus type 5 DNA sequence. Within this sequence there are three Pvu II sites at 453, 624, and 2,481 nucleotides from the adenovirus terminus. We first constructed a set of deletions beginning at the Pvu II site at 453 nucleotides and extending toward the terminus of adenovirus DNA. The deletions were made either by nuclease BAL-31 digestion or by exonuclease III, followed by nuclease S1 digestions. with exonuclease m and nuclease S1. Deletions R-8, -7, and-17 were derived from S-84. This time S-84 was digested with EcoRI and treated with exonuclease m followed by treatment with nuclease S1. End points of the deletions were determined by analyzing the size of the inserts by gel electrophoresis. In the case of S-114, S-200, S-201, S-111, S-87, R-8, R-7, and R-17 DNA sequence from the EcoRI site was determined as described by Maxam and Gilbert (39) . Numbers at the top represent nucleotides from the terminus of adenovirus DNA. set of deletions extends in the opposite direction from the EcoRI site and removes sequences located at the very terminus of adenovirus DNA. In this case, an EcoRI linker (G-G-A-A-T-T-C-C) was added to the end point of each deletion to preserve a dG residue, which could base pair with a potential initiating dC residue ( Fig. 1) .
Template Activity of the Deletions. The source of replication enzymes that was used is a fraction derived from chromatography of an adenovirus type 2 infected HeLa cell nuclear extract on denatured DNA cellulose. This fraction supports the formation of the pTP-dCMP complex by using either the linearized pLAl DNA or adenovirus DNA-protein complex as a template (9) . Less purified extracts fail to support initiation of DNA replication on plasmid DNA templates, presumably because of the presence of an inhibitor in these extracts. Addition of purified adenovirus DNA binding protein to the DNA cellulose fraction stimulated the pTP-dCMP complex formation 2to 3-fold when EcoRI-digested plasmid DNA was used as template DNA (data not shown). Purified pTP and 140-kDa DNA polymerase will utilize plasmid DNA as a template, but only in the presence of uninfected cell nuclear extracts (data not shown). However, all data described below were obtained with the DNA cellulose fraction derived from infected cell nuclear extracts. The results were obtained by using reaction conditions that produced a linear response between the amount of product and the concentration of template DNA. ATP was always included in the reaction mixture and omitting it resulted in drastically decreased activity.
Results obtained by using the deletions beginning from an internal restriction site and extending toward the terminus are shown in Fig. 2A . All of the plasmids that contain adenovirus DNA of 20 bp or longer from the terminus supported the formation of the pTP-dCMP complex to approximately the same extent as, or slightly better than, the parental pLAl DNA. In some cases, a slight decrease of the template activity was seen with plasmids S-200 and S-201, which contain 26 and 20 bp of adenovirus DNA, respectively (see Fig. 3 ). However, when the deletion S-111, which contains 14 bp was used as a template, no complex was formed, and likewise S-87 (containing only 1 bp) did not support the complex formation.
Deletions that removed sequences from the EcoRI site at the very end of the virus DNA insert had a dramatic effect on the template activity ( Fig. 2B ). No complex was formed when R-8, which deletes 6 bp from the terminus, was used as a template. Similarly, R-7 and R-17, which removed 10 and 14 bp, respectively, did not support complex formation.
Elongation of DNA replication from the pTP-dCMP primer was also examined by using the deleted DNAs (Fig. 3 ). When dATP, dGTP, and TTP were added to the reaction mixture in addition to [a-32P]dCTP, DNA chain elongation was observed by the appearance of a band migrating slower than the pTP-dCMP band (40) . Replacing dGTP with dideoxy-GTP results in a block of elongation at the first dG residue (9, 10), which occurs in pLAl DNA at the 26th nucleotide. A band migrating slightly slower than pTP-dCMP was seen when pLAl DNA was used as a template DNA (Fig. 3 ). The band actually contains two complexes-a complex between the pTP and a nascent DNA chain of either 26 or 23 nucleotides (9). A similar band was seen with deletions S-108, -107, -114, and -200 (Fig. 3) . The S-201 deletion extends beyond the dG residue at nucleotide 26 and the first dG in this DNA is at the 21st nucleotide, contributed by the Sal I linker added to the end point of the deletion. Thus, with this deletion, complexes between pTP and DNA of 21 and 18 nucleotides are expected. Consistent with this prediction, the complex formed migrated faster than the band observed with other deletions (Fig. 3 ).
Biochemistry: Tamanoi Effect of Base Changes Within the Conserved Sequence. The results obtained by using deletions suggest that the functional origin is contained within the terminal 20 bp. This region has been shown to contain sequences highly conserved among different serotypes of adenovirus DNA. Particularly notable is a 10-nucleotide sequence 5' A-T-A-A-T-A-T-A-C-C 3', which is perfectly conserved in all known serotypes of human adenovirus DNA (27) (28) (29) (30) (31) (32) (33) (34) (35) . It has been suggested that this sequence plays a critical role in the initiation of DNA replication. To determine whether the conserved sequence is in fact required for the initiation of DNA replication, a plasmid DNA has been constructed containing base changes within the conserved sequence.
A procedure to construct these base changes is outlined in Fig. 4A . In brief, two complementary 20-mers were synthesized chemically. They contain the terminal sequence of adenovirus DNA but have base changes at nucleotides 13 and 14 in the middle of the conserved sequence; the wild-type 5 of linkers they were cloned into plasmid pAT. A Kpn I site is created as a result of the base changes, which facilitated detection of the mutant plasmid as well as determination of the orientation of the insert. Out of a total of 21 isolates, 8 had the desired orientation. Fig. 4B shows the DNA sequence of a mutant clone, which confirmed the authenticity of the desired mutants. Examination of the template activity of the mutant DNA demonstrated that it was much lower than the corresponding activity of the plasmid S-201 DNA, which -contains wild-type sequence. Fig. 4C shows results for two independent isolates of the mutant; upon longer exposure, a faint band was seen with the mutant DNA. In separate experiments, about 30% of the wild-type activity was detected with the mutant DNA. Thus, the base changes greatly reduce its template activity although they do not abolish it completely. DISCUSSION By assaying the ability of deletion DNAs to support the formation of a covalent complex between the terminal protein precursor and 5' dCMP, a minimal size of adenovirus DNA required for initiation has been defined (Fig. 5 ). The terminal 20bp sequence thus defined was also able to support DNA synthesis, as revealed by elongation to the first dG residue. In some experiments a slight decrease in template activity was observed when deletions beginning at the internal site extended beyond 35 nucleotides from the terminus. This might mean that sequences lying between 20 and 35 nucleotides from the terminus function to stimulate initiation, possibly by facilitating unwinding of the DNA. The presence of a short recognition sequence located at the very end of a DNA molecule may be a general feature of the protein priming mechanism for initiation of DNA replication. It has been reported that bacteriophage )29, whose mode of DNA replication closely resembles that of adenovirus, contains an identical 6-bp sequence on both ends of the DNA (41, 42) , although this sequence has not yet been shown to be involved in DNA replication.
' A-T-A-A-T-A-T-A-C-C 3' is altered to 5' A-T-A-A-G-G-T-A-
The inverted terminal repeat of adenovirus type 5 is 103 bp and can be divided into an A+T-rich half, which occurs at the termini of viral DNA and a G+C-rich half, which occupies the remainder (29) . Sequences conserved among different serotypes are found mostly in the A+T-rich half. In particular, the terminal 22-bp sequence is highly conserved among all human Proc. Nati. Acad. Sci. USA 80 (1983) 6449 A. kinase and was chased with unlabeled ATP. One-tenth microgram of hybridized, kinase-treated DNA was mixed with 0.5 ,ug each of 32P-labeled EcoRI and Sal I linkers. Twenty units of T4 DNA ligase were added and the reaction mixture was incubated at 14°C overnight. After heating at 650C for 10 min, the DNA was digested withEcoRI and Sal I and separated by electrophoresis on a 12% acrylamide gel. A major band was detected at the position corresponding to the 20-mer with two linkers. The band was eluted from the gel, precipitated with ethanol, and cloned into plasmid pAT DNA that had been digested with EcoRI and Sal L. (B) DNA sequence of the mutant plasmid constructed as in A was determined according to Maxam and Gilbert (39) . The mutant DNA was linearized with EcoRI and end-labeled with [y3-2PIATP and T4 polynucleotide kinase after phosphatase treatment. The labeled DNA was digested with Bgl I and the short fragment was separated by electrophoresis on an 8% polyacrylamide/ adenoviruses and is also partially conserved in the simian, avian, changes in the middle of the conserved sequence greatly reand murine adenoviruses (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . Therefore, the functional or-duce the template activity. However, results obtained by using igin defined in this study is conserved among different sero-deletions at the terminus suggest that the sequence at the very types of adenovirus. end is also important for initiation. Whether the nucleotides Within the functional origin of adenovirus DNA replication, between the conserved block and the extreme terminus are also there is a 10-bp sequence (A-T-A-A-T-A-T-A-C-C) that is per-required for initiation is a question that requires further infectly conserved among all serotypes of human adenovirus, and vestigation. van Bergen et al. (43) have suggested that these base it has been suggested that this sequence plays an important role pairs merely provide a spacer between the conserved sequence in the initiation of DNA replication (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . Results presented and the priming site. They propose that any G residue 4-8 bp in this study provide evidence in support of this claim. Base from the conserved sequence will provide a template for pTP- 5 (44) . Lambdoid phages, A, )80(, and 482 contain highly conserved, tandemly repeated sequences at the origin and these sequences serve as binding sites for the 0 protein, which is required for initiation (45) (46) (47) 48 ). Finally, a consensus sequence was found us terminal DNA se-between five naturally occurring origins from bacterial DNA g into this region are (49) . minal sequence from the 3' strand, supported complex formation when a highly purified protein fraction containing pTP and 140-kDa DNA polymerase was used (40) . We have further analyzed this single-stranded DNA requirement by using the highly purified enzyme fraction. As expected, the 20-mer containing the terminal sequence of the 3' strand supported complex formation but, surprisingly, the mutant 20-mer of the 3' strand that was used to construct the point mutants in this report also supported complex formation to approximately the same extent (unpublished data). On the other hand, the mutant 20mer of the 5' strand did not support the complex formation. These reactions that used synthetic oligonucleotides differed from those that used double-stranded DNA in the following ways. First, a high concentration of oligonucleotides is required to support complex formation. Second, the reaction is inhibited by the high ATP concentration normally used when doublestranded DNA is the template. Thus, it is likely that the reaction utilizing single-stranded DNA is distinct from that using double-stranded DNA, and it is unclear to what extent the reaction with single-stranded DNA reflects the initiation on a double-stranded viral DNA. Plasmids containing adenovirus DNA provide useful tools for studying adenovirus DNA replication in vivo and in vitro. In addition to the results reported here and previously (9) on the initiation of DNA replication in vitro, the replication of a cloned adenovirus DNA has been studied in vivo. Y. Gluzman and D. Hanahan (personal communication) have cloned an entire genome of adenovirus into a plasmid DNA and have shown that this plasmid gives rise to infectious virus upon transfection into 293 cells, although the efficiency of transfection was lower than that of Pronase-treated adenovirus DNA. In this case, the plasmid DNA also had to be linearized prior to transfection.
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In conclusion, we have shown that a functional origin of adenovirus DNA replication is located at the termini of the DNA. Within this region, a sequence that is perfectly conserved among the human adenoviruses is present and plays an important role in the initiation of DNA replication. We have recently learned that similar results were obtained by M. D. Challberg and D. R. Rawlins (personal communication). Does this terminal sequence represent a recognition sequence for the pTP, 140-kDa DNA polymerase, or nuclear factors from HeLa cells? Further in vitro analysis of the template requirement, including DNase protection experiments, should clarify this point.
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